Hematopoietic stem cells (HSCs) execute self-renewal divisions throughout fetal and adult life, although some of their properties do alter. Here we analyzed the magnitude and timing of changes in the self-renewal properties and differentiated cell outputs of transplanted HSCs obtained from different sources during development. We also assessed the expression of several ''stem cell'' genes in corresponding populations of highly purified HSCs. Fetal and adult HSCs displayed marked differences in their self-renewal, differentiated cell output, and gene expression properties, with persistence of a fetal phenotype until 3 weeks after birth. Then, 1 week later, the HSCs became functionally indistinguishable from adult HSCs. The same schedule of changes in HSC properties occurred when HSCs from fetal or 3-week-old donors were transplanted into adult recipients. These findings point to the existence of a previously unrecognized, intrinsically regulated master switch that effects a developmental change in key HSC properties.
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bone marrow transplantation ͉ development ͉ gene expression ͉ self-renewal T he existence of hematopoietic stem cells (HSCs) was first demonstrated in the 1950s in experiments that revealed the ability of bone marrow cells from adult mice to permanently regenerate the blood-forming system of transplanted irradiated recipients (1) . Later, clonal analysis of the regenerated progeny of uniquely tagged cells (2, 3) and, more recently, analysis of highly purified single-cell transplants (4, 5) have established the long-term self-renewal ability of a rare subset of hematopoietic cells in adult bone marrow that have unrestricted lymphomyeloid differentiation potential. Endpoints that detect the output of mature B cell, T cell, and myeloid blood cells in transplanted mice for at least 4 months allow these HSCs to be specifically identified in uncharacterized suspensions. Coupling such endpoints to limiting dilution transplantation protocols provides a powerful method for quantifying HSCs as competitive repopulating units (CRUs) (6) .
HSCs detectable as CRUs are present throughout life and are believed to be generated by continuous self-renewal divisions from the first HSCs that, in mice, appear on embryonic day 9 (E9) (7, 8) . Nevertheless, many elements of HSC behavior and the specific differentiation programs used by their maturing progeny change during the course of development (9) (10) (11) (12) (13) (14) . For example, transplants of cells from fetal liver regenerate daughter HSCs in irradiated recipients more quickly and outcompete the production of HSCs from adult bone marrow cells (10, 11) . They also change their relative outputs of lymphoid and myeloid cells between fetal life and during the process of aging (13, 14) . Recently, we showed that all HSCs in mice are actively cycling until 3 weeks after birth, at which time they abruptly switch, within 1 week, to become a predominantly quiescent population (15) . These latter findings likely explain the reported differences in several phenotypic properties of HSCs that change during ontogeny; e.g., expression of CD34, CD38, and Mac1, and an ability to efflux Rhodamine-123 (Rho) and Hoechst 33342 (reviewed in ref. 16 ). These observations prompted us to design a series of experiments to compare the self-renewal activity, lineage biases, and gene expression profiles of HSCs isolated from tissues at various stages of development from E14.5 in fetal life to 12 weeks after birth. The results demonstrate that these properties are all dramatically and coordinately altered between 3 and 4 weeks after birth, indicating the activation of a developmental checkpoint that reprograms multiple key HSC functions at that time.
Results and Discussion
Quantitative Assessment of the Different HSC Regenerative Activity of Transplanted Cells Taken from Different Stages of Development. To quantify the differences in the self-regenerative activity of fetal and adult HSCs, we compared their expansion kinetics in transplanted irradiated hosts by performing quantitative limiting dilution transplantation assays (CRU assays) of the regenerated cells in secondary irradiated hosts (see Fig. 1A ). The results (Fig.  1B) confirmed the expected faster rate of expansion of the transplanted fetal liver HSCs as compared with transplants of adult bone marrow HSCs (17) . We saw the greatest difference in HSC expansion rates during the second week posttransplant (when the number of fetal liver-derived HSCs increased 8-fold, whereas the number of adult marrow-derived HSCs remained largely unchanged). Moreover, in mice transplanted with equal numbers of genetically distinguishable HSCs from both sources, we found the rate of expansion of HSC numbers from each to be unaffected by cotransplanted cells from the other source (data not shown). Thus, the unique regeneration kinetics displayed by fetal and adult HSCs likely reflect intrinsically determined differences in their properties.
To investigate the timing and pace of the change in HSC self-regenerative activity during ontogeny, we repeated the experiment shown in Fig. 1B by using equivalent initial transplants of bone marrow cells from either E18.5 fetal mice or mice killed 3 or 4 weeks after birth. We then quantified the kinetics of donor-derived HSC regeneration in the bone marrow of the primary recipients of these cells as before by limiting dilution CRU assays of the cells in secondary mice. These measurements showed that HSCs from the bone marrow of E18.5 fetal and 3-week postnatal mice expanded with the same kinetics as HSCs from E14.5 fetal liver. In contrast, HSCs from the bone marrow of 4-week postnatal mice behaved similarly to the HSCs from the marrow of adult (8-to 12-week-old) mice (Fig. 1C) . We also observed a marked change in the regenerative properties of HSCs derived from E14.5 fetal liver HSCs that had been transplanted directly into primary adult recipients 6 weeks previously. This result was obtained when the cells regenerated in the primary mice were transplanted into secondary mice and the rate of expansion of their progeny HSCs determined by performing CRU assays in tertiary recipients (Fig. 1D) . Thus, within the same time frame (4-6 weeks), the progeny of E14.5 fetal liver HSCs acquire the regenerative properties of adult HSCs regardless of the age or physiological conditions of the host environment in which they are being produced.
Fetal and Adult HSCs Have the Same Cell Cycle Transit Times. Differences in the rates of fetal and adult HSC expansion in irradiated recipients could reflect differences in the control of asymmetric versus symmetric HSC divisions, differences in HSC cell cycle transit times, and/or differences in the regulation of HSC viability. Evidence arguing against the latter two possibilities was obtained from experiments in which we tracked highly purified E14.5 fetal liver HSCs [see supporting information (SI) Fig. 5 A and D] in single-cell cultures under conditions that maintain fetal HSC numbers for 7 days (18) . Under these conditions, we found that none of the input cells died, and they divided with the same average 14-hour cell cycle transit time ( Fig. 2) as previously demonstrated for adult bone marrow HSCs, but without the significant delay the latter show due to their initial quiescent status (5) . Interestingly, these studies also showed that the timing of the second and third divisions of fetal HSCs was the same as the timing of the first and second divisions, respectively, of adult bone marrow HSCs. Thus, fetal and adult HSCs cultured under conditions that have similar effects on their survival and selfrenewal share the same cell cycle transit time once they have entered the cell cycle. Assuming similar conditions of HSC stimulation are operative in irradiated mice, a higher frequency of symmetric self-renewal divisions would be the most likely explanation of the faster rate of expansion in vivo of fetal HSCs.
Quantitative Differences in the Lineage Outputs of Transplanted HSCs
from Different Stages of Development. We also analyzed the various types of mature leukocytes present after 16 weeks in the blood of mice transplanted with the HSCs from different sources. From these measurements, we found that the percentage of donor-derived WBCs that were granulocytes and monocytes (Ly6g ϩ and/or Mac1 ϩ cells) was Ͼ2ϫ as high in recipients of E14.5 fetal liver HSCs than in recipients of adult bone marrow HSCs ( Fig. 1 E and F) . A similarly increased proportion of donor-derived cells that were myeloid was seen in recipients of HSCs from E18.5 fetal bone marrow or 3-week postnatal bone marrow, and from secondary recipients of HSCs harvested from primary mice 1-2 weeks after the primary mice had been transplanted with E14.5 fetal liver HSCs. In contrast, a lower proportion of myeloid cells was seen in the leukocytes produced by HSCs obtained from 4-week-old donors (or their regenerated HSC progeny), as well as from HSCs that were Ͼ4 weeks older than those from E14.5 fetal livers. Interestingly, an output of myeloid cells intermediate between that exhibited by fetal and adult HSCs was seen in secondary recipients of HSCs from primary mice that had been engrafted with 3-week postnatal bone marrow cells for just 1 week, suggesting that the HSCs present at that time comprised a mixture of HSCs with fetal and adult properties.
Changes in Gene Expression Parallel the Switch in Biological Proper-
ties of Juvenile HSCs. Collectively, these findings point to the operation of an intrinsically timed switch that simultaneously and abruptly alters the self-renewal and lineage restriction properties of HSCs (or the postrestriction amplification properties of their differentiating progeny) 5-6 weeks after the first HSCs appear in the embryo on E9 (9). It was, therefore, of interest to determine whether this switch in the biological properties of HSCs is accompanied by a change in their gene expression profile. To test this possibility, we isolated phenotypically defined populations of E14.5 fetal liver and adult bone marrow that are highly enriched in HSCs [20% pure (SI Fig. 5 A and D) and 40% pure (5), respectively]. Quantitative real-time PCR (Q-RT-PCR) measurements of the relative levels of transcripts for several genes revealed that some (Bmi-1, c-Kit, Gfi-1, Notch1, and Ship) were expressed at the same level in both of these HSC-enriched, albeit phenotypically distinct populations, with other genes showing a differential pattern of expression. The latter included genes reported to promote HSC cycling and/or self-renewal [CyclinD2, Ikaros, MEF, and Rae-28 (19) (20) (21) (22) ] that were more highly expressed in the fetal HSCs and others likely to be involved in HSC maintenance [ATM, Ezh2, Gata-2, and Mel-18 (20, 22, 23) ] that were more highly expressed in adult HSCs (Fig. 3) . The expression of two genes thought to be critical to the generation of HSCs in the fetus but not in the adult [Runx (24) and Scl (25, 26) ] were up-regulated in the populations enriched in adult as compared with fetal HSCs. However, the expression of Notch1, which has also been ascribed a similar differential activity (27) , was not different between the two populations.
Preliminary experiments established that the same two strategies for obtaining highly enriched populations of fetal and adult HSCs allowed similarly enriched populations of transplantable HSCs to be obtained from the bone marrow of 3-week-old mice (SI Fig. 5B ) and 4-week-old mice (SI Fig. 5C ), respectively; i.e., 15% of the lin Ϫ Sca-1 ϩ CD43 ϩ Mac1 ϩ bone marrow cells from 3-week-old mice and Ϸ25% of the lin Ϫ Rho Ϫ side population (SP) bone marrow cells from 4-week-old mice were found to be HSCs by limiting dilution transplantation assays (data not shown). Assessment of the transcripts present in these purified neonatal bone marrow cells showed a pattern of preserved and differential gene expression remarkably similar to that seen when fetal and adult HSC-enriched populations were compared (Fig. 3) . However, these findings must be interpreted with caution given that different methods were used to enable similar purities of cycling and quiescent HSCs to be achieved. Nevertheless, it is interesting to note that the difference in expression of ATM, Ezh2, and Gata-2 in the HSCs-enriched cells between 3 and 4 weeks after birth was much more marked than the difference seen when analogous HSC-enriched populations of fetal liver and adult bone marrow cells were compared. It is thus conceivable that the products of these three genes, or regulators of their expression, may play an important role in the abrupt reprogramming of HSCs that occurs in the fourth week after birth (Fig. 4) . Gata-2 may be of particular interest in this regard because its expression in fetal and adult HSCs is driven by different promoters (20, 23) . In summary, we have identified evidence of a previously unrecognized biologic switch that abruptly and rapidly alters several important properties of normal HSCs during ontogeny and appears intrinsically determined. Preliminary analysis of the molecular mechanism(s) involved (18) indicates that it affects a pathway affected by c-kit, a key receptor in mouse HSC selfrenewal control and one whose activation differentially regulates fetal and adult HSC self-renewal both in vivo and in vitro (12, 28) . The tight coordination seen in the alteration of multiple key HSC properties suggests the operation of a mechanism that may be relevant to understanding the regulation of other normal or perturbed stem cell types (29) .
Methods
Cells. Single-cell suspensions were prepared from the livers and bone marrow of embryos and 3-to 12-week-old C57BL/6J-Ptprc a
Pep3
b /BoyJ (Peb3b-CD45/Ly5.1) mice as described (15) . In some cases, Ter119 ϩ cells were removed immunomagnetically from E14.5 fetal liver cells (using EasySep, StemCell Technologies, Vancouver, BC, Canada). Highly enriched HSC suspensions were obtained from E14.5 fetal liver and 3-week postnatal bone marrow cells by FACS selection of propidium iodide-negative (PI Ϫ ) cells that stained positively after labeling with phycoerythrin (PE)-conjugated anti-ScaI, fluorescein isothiocyanateconjugated anti-CD43, and allophycocyanin-conjugated antiMac1 (all from Becton Dickinson, San Jose, CA) and stained negatively after labeling with lineage-specific (lin) antibodies (using streptavidin-conjugated PE-Texas Red to detect biotinylated anti-Gr-1, anti-B220, and anti-Ly1, all prepared in the Terry Fox Laboratory; and Ter-119, anti-CD4, and anti-NK1.1, all from Becton Dickinson). Highly enriched HSC suspensions were obtained from 4-and 10-week postnatal bone marrow cells by FACS selection of lin Ϫ Rho Ϫ SP cells as described (5) . Cells were sorted on a FACSVantage (Becton Dickinson).
HSC Transplantation and Quantification. C57BL/6J-W 41 /W 41 (CD45-Ly5.2) mice were irradiated with 360 cGy of 250-kVp x-rays, and then varying numbers of Peb3b-CD45/Ly5.1 cells were injected as indicated. Peripheral blood samples were obtained 16 weeks later, and the leukocytes were stained with anti-Ly5.1 and anti-Ly5.2 antibodies, as well as anti-B220, anti-Ly1, anti-Ly6g, and anti-Mac1 antibodies. Mice were considered to have been repopulated by at least one transplanted HSC if the WBCs contained Ն1% Ly5.1 ϩ cells, including a Ն1% contribution of Ly5.1 ϩ cells to each of the B220 ϩ (B cell), Ly1 ϩ (T cell), and Ly6g ϩ /Mac1 ϩ (myeloid) lineages. In most cases, HSC frequencies were calculated by using Poisson statistics and the method of maximum likelihood (L-Calc software; StemCell Technologies) from the proportions of mice injected with varying doses of cells that were considered negative by these criteria (30) . When single-cell transplants of highly enriched HSC subsets were performed (for details of this protocol, see ref. 5), the HSC frequency was calculated directly from the number of positive recipients obtained. In the case of cycling HSCs from E14.5 fetal liver and 3-week postnatal bone marrow, the measured HSC purities can be assumed to represent underestimates by a factor of Ϸ2 because HSCs in S/G2/M cannot be detected (15) . The total number of donor-derived HSCs regenerated per recipient was calculated assuming the bone marrow HSC content of two femurs and two tibias represents Ϸ25% (31). . The presence of a single cell in each well was visually confirmed, the plate was then incubated at 37°C for up to 50 h, and each well was repeatedly examined by using an inverted microscope to determine the timing of the first, second, and third cell divisions (the interval until two, then at least three, and, finally, at least five cells were first seen in each well).
Gene Expression Analyses. RNA was extracted by using the PicoPure RNA Isolation Kit (Arcturus Biosciences) by using a 15-min column DNase1 treatment (Qiagen) and was then eluted into an 11-l volume and stored at Ϫ80°C. cDNA preparations were generated by using the SuperScript III First-Strand Synthesis System for RT-PCR (18080093; Invitrogen, Carlsbad, CA), with the reaction scaled to 25 l. Q-RT-PCR was performed by using the following primer pairs (5Ј to 3Ј): ATM (NM_007499.1) forward GCAGAGTGTCTGAGGGTTTGT and reverse AACTTCCAG-CAACCTTCACC; Bmi-1 (NM_007552.3) forward AAACCA-GACCACTCCTGAACA and reverse TCTTCTTCTCTTCAT-CTCATTTTTGA; c-kit (NM_021099.2) forward GATCT-GCTCTGCGTCCTGTT and reverse CTGATTGTGCTGGAT-GGATG; CyclinD2 (NM_009829.2) forward GGCCAAGATCA-CCCACACT and reverse ATGCTGCTCTTGACGGAACT; Ezh2 (NM_007971.1) forward CATCGAAGGCAGTGGAGTC and reverse GTCTGGCCCATGATTATTCTTC; Gata-2 (NM_008090.3) forward TGACTATGGCAGCAGTCTCTTC and reverse ACACACTCCCGGCCTTCT; Gfi-1 (NM_010278.1) forward CTGCTCATTCACTCGGACAC and reverse ATTTGT-GGGGCTTCTCACCT; Ikaros (NM_001025597) forward CCTGA-GGACCTGTCCACTACC and reverse ACGCCCATT-CTCTTCATCAC; MEF (NM_019680) forward TCTGTGGAT-GAGGAGGTTCC and reverse GGGTGCTGGAGAAGAA-CTCA; Mel-18 (NM_009545.1) forward TTCCCCCTCTTAAC-GATTTG and reverse GATCCTGGAGGCTGTTTCCT; Notch-1 (NM_008714.2) forward GCACAACTCCACTGATCCTG and reverse GCAAAGCCGACTTGCCTA; Rae-28 (NM_007905.1) forward GTCCCAGGCCCAGATGTAT and reverse CCCCAT-TAGGCATCAGGA; and Scl (NM_011527.1) forward TGAGAT-GGAGATTTCTGATGGTC and reverse CAAATGCCCCAT-TCACATT. Gapdh (NM_008084) was used as an endogenous control: forward AACTTTGGCATTGTGGAAGG and reverse ATGCAGGGATGATGTTCTGG.
Statistical Analyses. Statistical comparisons were performed by using the Wald test except those in Fig. 1E , where Student's t test was used.
